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Summary 
~25’“~’ from the fission yeast S. pombe is shown to 
act as a specific in vitro inhibitor of the p34cdc2/p56cdc’3 
mitotic kinase. It is also shown that early Gl cells con- 
tain p25’““‘, which associates with and inhibits the mi- 
totic kinase, and maintains ~56’~“‘~ mitotic B cyclin at 
a low level, ensuring that these cells do not undergo 
a premature lethal entry into mitosis. A high level of 
p25’““’ in G2 cells inhibits the p34cdczlp56cdc73 kinase 
that removes the block preventing a further S phase 
and leads to repeated rounds of DNA replication. Thus, 
the cyclin-dependent kinase inhibitor p25’““‘, acting 
on the ~34~~~~ mitotic kinase, plays an important role in 
ensuring the correct sequence of S phase and mitosis 
during the cell cycle. 
Introduction 
The cell cycle can be considered as a developmental se- 
quence made up of S phase and mitosis. These processes 
result in the chromosomes being replicated and segre- 
gated into the two newly divided cells. Major cell cycle 
controls regulate the onset of S phase and mitosis and 
ensure that these events occur in the correct sequence. 
Central to these controls are the cyclin-dependent kinases 
(CDKs), which are required for the onset of S phase and 
mitosis in all eukaryotic cells (for reviews see Nurse, 1990; 
Nigg, 1995). In the yeasts, a single CDK, ~34”~“’ encoded 
by cdc2+ in fission yeast and ~34~~~~~ encoded by CDC28 
in budding yeast, is required for both these cell cycle tran- 
sitions. ~34~~~‘~ becomes associated with different CLN 
and CLB cyclins that function during Gl for the onset of 
S phase and later in the cell cycle for the onset of mitosis 
(Nasmyth, 1993). In multicellular eukaryotes there are 
more CDKs, which form a variety of complexes with differ- 
ent cyclins, regulating progression through the cell cycle 
(Nigg, 1995). 
The most fully characterized CDK is the ~34”~“~-B cyclin 
mitotic kinase that controls the onset of mitosis (for review 
see King et al,, 1995a). This mitotic kinase is also important 
for ensuring that S phase and mitosis occur in the correct 
sequence. In the fission yeast, the p34cdc2/p56cdc’3 B cyclin 
mitotic kinase is not only required for the onset of mitosis 
(Booher et al., 1989; Moreno et al., 1989) but also inhibits 
a-further round of S phase (Hayles et al., 1994). Cells 
deleted for the cdcl3’ gene cannot form the ~34~~~~1 
~56~~‘~ complex and, as a consequence, lose the inhibi- 
tory effect over S phase and undergo multiple rounds of 
DNA replication (Hayles et al., 1994). The presence of the 
p34”d”2/p56cdc’3 complex or its associated protein kinase 
activity prevents the onset of a further S phase, and the 
loss of the complex or activity relieves this inhibition and 
allows DNA replication to be reinitiated. It is not yet clear 
which cyclins are required for DNA replication under these 
circumstances, but two other B cyclins apart from p560dc13 
have been identified in fission yeast; these are encoded 
by the genes cigl+ (Bueno et al., 1991) and cig2+ (also 
known as cyc77) (Bueno and Russell, 1993; Connolly and 
Beach, 1994; Obara-lshihara and Okayama, 1994). While 
reducing levels of the mitotic p34cdcYp56cdc’3 complex in 
G2 induces DNA replication, expression of cdc2+ and 
cdc73+ to high levels in cells arrested in early Gl results 
in a premature and lethal entry into mitosis (Hayles et al., 
1994). Thus, in fission yeast the p34c”2/p56cdc’3 complex 
plays a critical role in determining whether a cell enters 
S phase or mitosis. 
Another gene that is important for determining whether 
cells enter into S phase or mitosis in fission yeast is fuml+. 
When ruml+ is overexpressed, G2 cells fail to enter mitosis 
and undergo multiple rounds of DNA replication. In con- 
trast, when ruml+ is deleted, cells arrested in early Gl 
undergo a premature and lethal entry into mitosis (Moreno 
and Nurse, 1994). These phenotypes could be understood 
if ruml” were to encode a CDK inhibitor, a class of proteins 
including p15/pl6’““, p21 ciP’, ~27~‘P’, ~40”~‘, and ~83”~’ 
(for reviews see Peter and Herskowitz, 1994b; Sherr and 
Roberts, 1995) that are of importance in Cell Cycle and 
cell growth regulation. If ruml+ encoded an inhibitor of the 
p34”dc2,p56”dC’3 mitotic kinase, then fuml+ overexpression 
would induce DNA replication by inhibiting the mitotic ki- 
nase, and deleting ruml+ would induce mitosis in early 
Gl cells by failing to inhibit a premature rise in the mitotic 
kinase. 
We present evidence in this paper that ruml+ encodes 
a specific in vitro inhibitor of the p34G”cz/p56c~‘3 mitotic 
kinase. Fission yeast cells arrested in early Gl normally 
have a low level of both ~56~“‘~ protein and of ~34”~” 
mitotic kinase activity, but both these levels are increased 
in cells deleted forruml+. Overexpression of fuml+ results 
in the rum1 protein associating with the mitotic kinase and 
inhibiting its activity, leading to repeated rounds of DNA 
replication. Protein kinase activity of ~34”” not associated 
with the major mitotic B cyclin ~56”~“‘~ is relatively unim- 
paired, suggesting that the rum1 protein is a more potent 
inhibitor of CDK activity required for mitosis than of CDK 
activity required for S phase. These experiments confirm 
the importance of CDK regulation in ensuring an orderly 
progression through S phase and mitosis in eukaryotic 
cells and identify the rum1 protein as an important element 
in this regulation. 
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Figure 1. ~25’“” Is Required for Inactivation of p34cdc2/p56cdc’3 Mitotic 
Protein Kinase in Early Gl Cells 
(A) cdclO-V50. (B) cdl@VXJ rumld. These strains were grown to mid- 
exponential phase in minimal medium at 25°C and then shifted to 
36%. Samples were taken 2 hr, 3 hr, and 4 hr after the shift to make 
extracts as described. Mitotic protein kinase activity was assayed after 
immunoprecipitation from 400 Kg of protein extract with anti-p56cdcl3 
antibodies (SP4) using Hl histone as a substrate. (C) The relative 
kinase activities from (A) and (B) were determinated using a Phos- 
phorlmager and plotted as the percentage of activity observed at 0 hr. 
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Results 
~25’““” Restrains Mitosis from Early Gl 
The temperature-sensitive c&70-V50 mutant blocks fis- 
sion yeast cells in early Gl when incubated at 36%, prior 
to the cell cycle commitment point START. When ceils 
deleted for ruml+ (rumld) are arrested prior to START, 
they proceed to mitosis, indicating that ruml+ is required 
to restrain mitosis in cells located in this early part of the 
cell cycle (Moreno and Nurse, 1994). To investigate the 
mechanism of this mitotic restraint further, we have moni- 
tored p34cdc2/p56c”13 mitotic kinase activity in the tempera- 
ture-sensitive cdc70-60 mutant, both in the presence and 
absence of the ruml+ gene. The c&10-V50 mutant was 
used to block cells in pre-START Gl by shifting to 36% 
for 4 hr. Mitotic B cyclin ~56’~“~ immunoprecipitates from 
extracts of these cells were assayed for Hl histone kinase 
activity, and a substantial drop in activity was observed 
compared with that seen in exponentially growing cells 
(Figures 1A and 1C). When Hl histone kinase activity was 
assayed in the double mutant c&70-V50 rumld, this drop 
was not observed (Figures 1 B and 1 C). Thus, cells ar- 
rested in early Gl that are deleted for ruml+ are unable 
to maintain the mitotic protein kinase in an inactive state, 
which accounts for the entry of these cells into mitosis. 
These observations suggest that p2YUm1 may be responsi- 
ble for the inhibition of the mitotic protein kinase in early 
Gl cells. 
We next tested whether the ruml+-encoded gene prod- 
uct could act as a direct inhibitor of the mitotic protein 
kinase in vitro. The ruml+ gene was expressed in Esche- 
richia coli and the encoded p2.YUmi protein purified by col- 
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Figure 2. p2Wm’ Is an In Vitro Inhibitor of p34”dc2/p56cdc’3 Kinase 
(A) Coomassie blue-stained 12% SDS-polyacrylamide gel with molecular mass standards in left lane and purifed bacterially produced p2Wm1 in 
right lane. 
(8) ~56 cdc’3 immunoprecipitates from wild-type extracts were incubated with different concentrations of p25’um’ and assayed for kinase activity using 
both HI histone and a nonamer peptide (Biotrak, Amersham) as substrates. Relative phosphorylation levels were quantitated using a Phosphorlm- 
ager and plotted as a percentage of activity observed in reactions without ~25’“~‘. 
(C) ruml+ overexpression inhibits mitosis in weel-50 mikld cells. wee160 mikld (open squares), weel-50 mikld pREPGX-rumI+ integrant (open 
diamonds), and pREPGX-ruml+ integrant (open triangles) were grown in minimal medium containing 5 Kg/ml thiamine at 25% to midexponential 
phase, washed with minimal medium, and incubated in fresh medium. After 16 hr of induction at 2E%, the cultures were shifted to 36%. Samples 
were taken every hour to monitor cell number increase. As a control, the same wee140 mikld pREPGX-ruml+ integrant was grown with 5 wglml 
thiamine (open circles). 
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Figure 3. ~25’“” Accumulates in Early Gi Cells 
(A) cdclO-729 rumlh%+ and cdclO-729 rurnld strains were grown in 
minimal medium at 25% and then shifted to 36%. Samples were 
taken every hour from 0 to 4 hr to make total extracts as described. 
Protein (50 ug) from these extracts were Western blotted and probed 
with anti-p56cdc’3 antibodies (SP4), anti-HA antibodies (12CA5), and 
anti-p34”d”2 antibodies (C2). 
(6) Abundance of the c&73 and rum7 transcripts in the experiment 
described in (A). The weak signal seen in the rum7 mRNA lanes for 
cdclO-729 rumld were the remains of the cdc73 mRNA signal that 
had not been stripped off the blot before rehybridization. 
(C)Western blots from total extracts (50 ug) of cells arrested at different 
stages of the cell cycle probed with anti-p25”“’ antibodies and anti- 
a-tubulin monoclonal antibody (Sigma) as a loading control. Cells were 
grown in minimal medium at 25% and then shifted to 36V for 4 hr 
for cdc70-V50, cdc20-M70, and cdc25-22. Wild-type cells were grown 
at 32% in the absence or presence of 11 mM hydroxyurea (HU) for 
6 hr. 
umn chromatography to homogeneity as judged by Coo- 
massie staining (Figure 2A). Purified ~25’““’ protein was 
added to ~56”~“‘~ immunoprecipitates, and kinase activity 
was assayed using either Hl histone or an appropriate 
nonomer peptide as substrates (Figure 2B). With both sub- 
strates, kinase activity was reduced by around 80% after 
addition of 0.26 nM p25rum7 and by 98% after addition of 
2.60 nM p25”“‘, indicating that ~25”” acts as a potent 
in vitro inhibitor of the mitotic protein kinase. A major inhibi- 
tory control of p34CdC2 acts through Y15 phosphorylation 
(Gould and Nurse, 1989; Krek and Nigg, 1991; Norbury 
et al., 1991). We tested whether the inhibitory effect of 
P25’““’ on the p34cdc2/p56cdc’3 mitotic kinase operates 
through ~34”~“’ Y15 phosphorylation by overexpressing 
ruml+ in aweel-50miklA strain. Whenruml+wasoverex- 
pressed to high levels in wild-type cells, mitosis and cell 
division were blocked, stopping any further increase in 
Cell number (Figure 2C). This inhibition of cell division was 
also observed in a weel-50 mikld mutant strain that was 
unable to phosphorylate Y15 (Lundgren et al., 1991; 
Hayles and Nurse, 1995). Therefore, ~25’““’ was able to 
inhibit mitosis even though the Y15 in ~34~~~~ could not 
be phosphorylated. This indicates that Y15 phosphoryla- 
tion is unlikely to be important for the inhibitory effect of 
~25’“” on the p34cdcz/p56cdc’3 mitotic kinase. 
To test whether ~25”” could have an inhibitory effect 
on the mitotic kinase in early Gl cells, we monitored the 
levels of ~25”~’ in cells arrested using the c&70-729 mu- 
tant. ruml+ was tagged with hemagglutinin (HA) epitope, 
and this tagged version was used to replace the endoge- 
nous ruml+ gene. Levels of HA-tagged ~25”” were moni- 
tored during arrest of the mutant at 36% using the anti-HA 
12CA5 monoclonal antibody. ~25’““’ was present at very 
low levels in exponentially growing cells, but these levels 
increased as cells became arrested in Gl, after 3-4 hr at 
36°C (Figure 3A). The increase in level of ~25’~“’ when 
cells are arrested in Gl was not due to a change in rum7 
mRNA, which was at a similar level in both exponentially 
growing cells and in the cells arrested using the c&70-729 
mutant (Figure 3B). The ~25”“’ accumulated in the early 
Gl arrested cells became associated with both ~34’~“‘and 
~56”“‘~. This was shown by immunoprecipitating HA- 
tagged ~25”“’ from extracts prepared from cells arrested 
using the cdc70-129 mutant incubated at 36%. Control 
HA competitions were also performed, and the immuno- 
precipitates were then Western blotted with antibodies 
against ~34”~“’ and ~56”~“‘~ (Figure 4). ~25~““’ was found 
to be associated with both ~34’” and ~56”~“‘~ in the early 
Gl cells incubated at 36”C, but not in the exponentially 
growing cells at 25% that were mostly in G2. This result 
is consistent with ~25”“’ not being detected by Western 
blotting of extracts prepared from cells arrested in late Gl 
using c&20-M70, in S phase using the inhibitor hydroxy- 
urea, or in G2 using cdc25-22 (see Figure 3C). These ex- 
periments establish that cells arrested in early Gl accu- 
mulate ~25”” that associates with any p34cdc’lp56cdc’3 
present. This inhibits the p34cdcz/p56cdc73 kinase, restrain- 
ing inappropriate entry into mitosis from this stage of the 
cell cycle. At later stages of the cell cycle in late Gl, S, 
and G2, the ~25’“~’ level is much reduced, and as a conse- 
quence this inhibitory mechanism is no longer operative. 
As well as acting as a direct inhibitor of p34cdc2/p56cdc’3, 
~25’“~’ also regulates ~56’~“‘~ levels in the cell. In the 
cdc70-729 mutant blocked in early Gl, the ~56~~~‘~ levels 
were markedly reduced, unlike ~34”~“’ levels, which re- 
mained constant (see Figure 3A). When ruml+ was de- 
leted, this drop in level was not observed (see Figure 3A). 
This result indicates that ~25’““’ is required to bring about 
the drop in ~56~~~‘~ levels seen in early Gl cells. The drop 
in ~56”“~~ levels was not due to changes in transcription 
because the cdc73 mRNA levels remained unchanged (see 
Figure 3B), suggesting that ~25”” is affecting ~56~~~‘~ 
translation or turnover. The association of ~25’““’ with 
p34”dC’,p56CdC’3 present in the early Gl cell thus appears 
to inhibit protein kinase activity and to promote. ~56~~~‘~ 
proteolysis. These mechanisms would ensure that the mi- 
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Figure 4. ~25’“” Becomes Associated with Both ~34~~ and ~56”‘~‘~ 
in Early Gl Cells 
HA-tagged ~25”~’ was immunoprecipitated from extracts prepared 
from cdc70-729rum7tfA+ cells grown in minimal medium at 25°C and 
shifted for 4 hr to 36%. The immunoprecipitates (IP) were Western 
blotted and probed with anti-p56cdc’3 antibodies (SP4), anti-HA antibod- 
ies (12CA5), and anti-p34cdc2 antibodies (C2). As controls, HA peptide 
competition experiments were performed. 
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High Levels of ~25’“~~ Inhibit Mitotic Kinase 
and Induce DNA Replication 
The experiments described above establish that ~25’~~’ 
restrains mitosis from the early Gl interval of the cell cycle 
by inhibiting the p34cdczlp56cti13 mitotic kinase. We have 
shown previously that reducing the level of the p34cdcz/ 
~56’“‘~ mitotic kinase by deleting the c&73+ gene induces 
repeated rounds of DNA replication in the absence of mito- 
sis (Hayles et al., 1994). Given the inhibitory effects of 
p25’“m’ described above, the induction of repeated rounds 
of DNA replication by overproducing ~25~~“” (Moreno and 
Nurse, 1994) could be due to the direct inhibition of the 
p34c&‘,p56c&‘3 mitotic kinase. To examine this possibility, 
we used a strain in which the ruml+ gene was placed under 
the control of the derepressible nmt promoter and then 
stably integrated into the fission yeast genome. The level 
of ~25”“’ increased to high levels in this strain 14 hr after 
removing thiamine from the growth medium, and repeated 
rounds of DNA replication were subsequently observed. 
Extracts were prepared from cells with the nmr promotor 
off and on, and immunoprecipitates of p34@ and ~56”~~‘~ 
and sucl precipitates were all immunoblotted with anti- 
bodies against HA-tagged ~25”“’ (Figure 5A). After dere- 
pression of the nmr promotor, ~25”” was detected in the 
cell extracts and found to be associated with both ~34”~~’ 
and ~56~~~‘~. The effect of these high levels of ~25’““’ on 
the p34cdczlp56cdc73 mitotic kinase was investigated using 
the same strain. Hl histone kinase activity assayed in 
~56’~“‘~ immunoprecipitates was dramatically reduced 
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Figure 5. p25ruml Overexpression lnhibitsSpecificallyp34”dC2Mitotic 
Kinase Activity in S. pombe Cells 
(A) p2Vmi -HA Western blot of ~34~” and ~56’~“~ immunoprecipitates 
(IP) and pl3sucl precipitates from extracts made from a strain con- 
taining an integrated copy of pREP5X-rumlHA+ after 14 hrof induction. 
(B) Cell extracts from wild-type cells (lanes 1-4) and a strain containing 
an integrated copy of pREP5X-rumlHA+ with the promotor on for 14 
hr (lanes 5-8) were assayed for Hl histone kinase activity using anti- 
p34** and anti-p56cdc’3 antibodies. Half of each immunoprecipitate 
(IP) was assayed in the presence of 2.6 nM of p25”“‘. 
(C)The results shown in (B)were quantitated using a Phosphorlmager. 
(D) ~34~~“~ (lanes 1 and 2) and ~56~“‘~ (lane 5 and 6) were immunopre- 
cipitatedfromwild-typeextracts. Each immunoprecipitate(IP)wassplit 
in two and incubated in the presence (lanes 2 and 6) or absence (lanes 
1 and 5) of 2.6 nM ~25’““’ and assayed for Hl histone kinase activity. 
The supernatant of p34 ml- and p56ti’3-depleted extracts were sub- 
jected to a second immunoprecipitation using anti-p56cbc’3(lanes3 and 
4) or anti-p34dczantibodies (lanes 7 and 8), split in two, and assayed for 
Hl histone kinase activity in presence (lanes 4 and 6) or absence 
(lanes 3 and 7) of 2.6 nM p2YUm’. 
after overproduction of rum7 (Figures 56 and 5C, lanes 
3 and 7). We conclude that expressing ~25’“~’ in G2 cells 
results in the formation of complexes between ~25”~’ and 
p34cdc2/p56cdc’3, which have much reduced mitotic protein 
kinase activity. As a consequence of this reduction in mi- 
totic kinase activity, the block over reinitiation of S phase 
is lost, resulting in repeated rounds of DNA replication. 
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Since ~34~~~” is also required for passage through 
START and the initiation of S phase (Nurse and Bissett, 
1981) some ~34”~~~ activity must be required for the re- 
peated rounds of DNA replication to take place when 
P25 rUm’ is overexpressed. Although the ~34~~~’ protein ki- 
nase activity associated with ~56~~‘~ was greatly reduced 
after overproduction of p25”‘“‘, significant levels of ~34”~“’ 
protein kinase activity could still be detected in immuno- 
precipitates using anti-p34cdcz antibodies (Figures 5B and 
5C, lanes 1 and 5). Around half of the total activity re- 
mained, and this activity was almost completely resistant 
to the addition of 2.6 nM ~25’“~ in vitro to the Hl histone 
kinase assays (Figures 58 and 5C, lanes 5 and 6). This 
should be compared with the situation before overproduc- 
tion of ruml+, when only about half of the total ~34~~~ Hl 
histone kinase could be inhibited by the addition in vitro 
of ~25’“~ (Figures 58 and 5C, lanes 1 and 2). Sequential 
immunoprecipitation experiments were performed todem- 
onstrate that the drop in activity was due to ~25”” inhib- 
iting the p56cdc’3-associated p34 cdcz kinase activity (Figure 
5D). lmmunoprecipitates of ~34~~~~ possessed Hl histone 
kinase activity that was 50% inhibited by addition of 2.6 
nM ~25’““’ in vitro (Figure 5D, lanes 1 and 2). A second 
sequential immunoprecipitation of ~56~~~‘~ brought down 
only a small amount of further activity (Figure 5D, lanes 
3 and 4). This establishes that most, if not all, of the ~56”~“‘~ 
Hi histone kinase activity is bound to p34cdcz. In the next 
experiment, immunoprecipitation of ~56”~“‘~ was carried 
out first and brought down Hl histone kinase activity that 
could be completely inhibited by 2.6 nM ~25”~’ in vitro 
(Figure 5D, lanes 5 and 6). A second sequential immuno- 
precipitation of ~34~~~’ brought down substantial further 
Hl histone kinase activity that was not inhibited by the 
addition of ~25~“~ (Figure 5D, lanes 7 and 8). These experi- 
ments establish that a significant fraction of ~34’~” is not 
associated with ~56~~~‘~ and that this fraction is not inhib- 
ited by 2.6 nM ~25”~‘. 
We conclude that only the p34cdc2 kinase activity asso- 
ciated with the major mitotic B cyclin ~56~~~‘~ is inhibited 
when ~25 rumi is overproduced. The remaining ~34’~” ki- 
nase activity is presumably associated with other cyclins. 
To test whether other B cyclin-associated kinase activities 
were affected by ~25”‘~‘, we used antibodies against the 
cyclin encoded by cigl+ (Basi and Draetta, 1995) and HA- 
tagged cig.2 in order to immunoprecipitate Hl histone 
kinase activity associated with these cyclins. ~25’““” was 
added in increasing levels in vitro to these kinase assays 
(Figure 6). Interestingly, while 2.6 nM ~25~““” was sufficient 
to completely inhibit p56cdc’3-associated kinase activity, 
cigl protein kinase-associated activity was completely re- 
sistant even to 26 nM ~25~~~‘. The cig2-associated kinase 
activity was intermediate in behavior with cig2-HA-tagged 
kinase activity being reduced by 60% after addition of 2.6 
nM p25”“‘. The remaining 40% activity remained resistant 
even to 52 nM ~25”“‘. By Western blot analysis and the 
use of purified glutathione S-transferase (GST)-cdc2 as 
a source of protein to calibrate the ~34”~~~ present in these 
assays, we calculated that the amount of ~34”~“’ in the 
~56 cdc13 immunoprecipitates was l-2 nM, in the cigBHA 
immunoprecipitates was l-2 pM, and in the cigl immuno- 
- cdcZlP 
-0. cdcl3 IP 
---0.-- cigl IP 
---A---- cig2HA I 
0 0.02 0.26 2.6 5.2 26 52 
nM p2!Yum1 
Figure 6. Inhibition of p34cdcz/B Cyclin Complexes by p25”” 
Total cdc2 kinase, cdcl3, cigl, and cig2-HA-associated kinase activity 
were immunoprecipitated from extracts of cigZ-HA+ cells and assayed 
for Hi histone kinase in the presence of different concentrations of 
~25”‘~‘. Relative kinase activities were determinated using a Phos- 
phorlmager and plotted as percentage of activity in each immunopre- 
cipitate (IP) without ~25”“‘. 
precipitates was less than 0.5 pM. Thus, ~25’~~’ is present 
in approximately stoichometric amounts when compared 
with the p34cdc2/p56c”‘3 protein kinase but is in the order 
of 1000 molar excess compared with the cig2-associated 
protein kinase and the cigl protein kinase. Thus, ~25”“’ 
is a more potent inhibitor in vitro against ~34’~” kinase 
activity associated with ~56”~~‘~ compared with activity as- 
sociated with the cigl and cig2 cyclins. The ~34~‘” protein 
kinase activity associated with these other cyclins may 
be necessary for the repeated rounds of DNA replication 
observed in cells containing high levels of p25”“’ 
The rum7 gene encodes a major regulator important for 
ordering S phase and mitosis during the cell cycle of fission 
yeast (Moreno and Nurse, 1994). It has three effects on 
the cell cycle: restraint of early Gl cells from undergoing 
mitosis, inhibition of G2 cells from undergoing mitosis and 
promotion of repeated rounds of S phase when overex- 
pressed, and determination of the length of Gl. We have 
shown in this paper that the first two of these effects can 
be explained by ~25”~’ acting as a specific CDK inhibitor 
of the p34cdcz/p56cdc’3 B cyclin mitotic kinase. 
~25”“’ acts in early Gl to restrain premature lethal entry 
into mitosis by preventing an increase in activity of the 
mitotic kinase. This is a problem for the early Gl fission 
yeast cell because not all the ~56~~~‘~ mitotic cyclin is de- 
graded at the end of mitosis (Hayles and Nurse, 1995) 
and unlike CLB transcripts in budding yeast (Amon et al., 
1993), cdc73 transcripts are still present and could pre- 
sumably be translated. Such a situation is potentially dan- 
gerous because ~34~~~~ is also present in an early Gl cell 
and is not phosphorylated on Y15 (Hayles and Nurse, 
1995), allowing formation of an active complex of p34CdCz 
and ~56”“‘~ that could lead to a lethal mitosis with unrepli- 
cated DNA. We propose that this lethal mitosis is avoided 
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by ~25’“~’ becoming bound stoichometrically to the 
p34CCw,p5fy~C,~ complex, inhibiting its protein kinase activ- 
ity and leading to ~56~~~‘~ proteolysis. The machinery re- 
quired for mitotic B cyclin proteolysis at the end of mitosis 
has recently been described in vertebrate cells (Tugend- 
reich et al., 1995; King et al., 1995b) and budding yeast 
(Irniger et all, 1995). Three proteins have been identified 
as forming part of the proteosome machinery that proteo- 
lyses mitotic B cyclin, and homologs of two of these genes, 
nuc2+ (Hirano et al., 1988) and c&9+ (Samejima and Ya- 
nagida, 1994), are present in fission yeast. Perhaps the 
binding of ~25’““’ to the p34cdc*/p56cdc73 complex results 
in ~56”~“‘~ being delivered to the proteosome for proteoly- 
sis. In this way, ~25”“’ could specifically control the level 
of the major mitotic cyclin ~56~~~‘~ during early Gl. 
~25”“’ normally only acts in early Gl because it is pres- 
ent at this stage of the cell cycle but is not present in late 
Gl, S, or G2 cells. Since rum7 mRNA is present in both 
early Gl and G2 cells, the appearance of ~25”~ only in 
early Gl must be due to specific translational or proteolytic 
controls. The ruml+ gene has an extended untranslated 
leader sequence that might contribute to a translational 
control that results in ~25”~’ only being synthesized in 
early Gl cells. When a cell proceeds into late Gl and S 
phase, ~25”‘~’ no longer has a role in restraining the mitotic 
kinase (Moreno and Nurse, 1994). In these later stages 
of the cell cycle, ~34~~~” becomes phosphorylated on Y15 
(Hayles and Nurse, 1995), and mitotic restraint is achieved 
by this alternative inhibitory phosphorylation mechanism. 
Thus, there appears to be a temporal sequence of check- 
point controls with ~25”” acting in early Gl and Y15 phos- 
phorylation acting later in the cell cycle, which between 
them ensure that premature mitosis does not take place 
from early inappropriate stages of the cell cycle. 
~25”‘“’ is a potent stoichiometric in vitro inhibitor of the 
p34cdcZ/p56cdc’3 mitotic kinase. The mechanism of action 
is not known but is unlikely to work through ~34~~~’ Y15 
phosphorylation. This is because mitosis is still inhibited 
by high levels of ~25~” In cells that are unable to phos- 
phorylate Y15. ~25”” can also inhibit phosphorylation of 
a small nonomer substrate, and so the inhibitory effect 
must be exerted close to the active site of the protein ki- 
nase. ~25’““’ fails to inhibit in vitro cigl cyclin-associated 
kinase activity or 40% of cig2 cyclin-associated kinase 
activity even in a vast molar excess of ~25”“‘. Because 
cells containing high levels of ~25’“” cannot undergo mito- 
sis but do undergo DNA replication, we assume that one 
or both of these other cyclins are normally required for 
onset of S phase. Thus, ~25 rUm7 is a CDK inhibitor that has 
greater specificity for the mitotic kinase than for the Gl 
kinases. This observation should be compared with results 
obtained with budding yeast, in which it has been shown 
that ~40~‘~’ inhibits CLB-associated but not CLN- 
associated protein kinase activity (Schwab et al., 1994) 
and that ~83~~~’ inhibits CLN-associated but not CLB- 
associated protein kinase acivity (Peter and Herskowitz, 
1994a). 
When rum7 is overexpressed, a high level of ~25”~ 
appears in G2 cells that blocks mitosis and promotes re- 
peated rounds of DNA replication (Moreno and Nurse, 
1994). In these conditions ~25”~’ associates with ~34’~” 
and ~56~~“‘~ and substantially reduces the ~56”“‘~- 
associated protein kinase activity. This result is consistent 
with the repeated rounds of DNA replication observed 
when cdc73+ is deleted (Hayles et al., 1994), because un- 
der both circumstances p56cdc73-associated protein kinase 
activity is reduced or eliminated. When ~25”~ is overex- 
pressed, ~56~~~‘~ can still be detected, perhaps because 
the mitotic B cyclin proteolytic system is less efficient in 
cells that are not in early Gl This suggests that it is the 
disappearance of p34cdcz/p56cti’3 protein kinase activity 
rather than disappearance of the complex that triggers 
repeated rounds of DNA replication. Given this and previ- 
ous results, we propose that the p34cdc2/p56cdc’3 mitotic 
kinase prevents reinitiation of S phase during G2 by phos- 
phorylating specific substrates that regulate the initiation 
of DNA replication. The simplest hypothesis is that p340dc2/ 
~56’~“~ IS activated to a low level once S phase has been 
initiated, and this level inhibits further initiation during the 
remainder of S phase and G2. Two interesting substrate 
possibilities are ~65~~‘*, which has a crucial role in initiat- 
ing DNA replication (Kelly et al., 1993) and the minichro- 
mosome maintenance-like proteins, which have a pro- 
posed involvement in licensing factor (Kubota et al., 1995; 
Chong et al., 1995; Madine et al., 1995). Whatever the 
precise molecular mechanism, the results reported here 
reemphasize the importance of ~34~~~” mitotic kinase in 
regulating the initiation of DNA replication and in ensuring 
that there is only one S phase per cell cycle. 
The third effect of rum7 is in determining the length of 
Gl This is revealed by the observations that cells deleted 
for rum7 do not extend their Gl when nutritionally starved 
or when induced to divide at a small size (Moreno and 
Nurse, 1994). We have not addressed this phenotype in 
the present paper but present two possible explanations 
based on our results. The first is that ~25”” has a role 
in regulating cig2 cyclin-associated protein kinase activity 
during Gl, given that ~25’“~ IS a partial in vitro inhibitor 
of cig2 cyclin-associated kinase and so could act as a 
transient in vivo inhibitor. In rum7A cells, this transient 
inhibition would be lost, and so cells would enter S phase 
prematurely. The second explanation is that the p34cdcz/ 
~56~~~‘~ kinase can be activated to a low level in Gl of 
rum7A cells, and this activity can drive cells into S phase. 
In yeast it has been shown that p34cdcYC~z8activity associ- 
ated with the same cyclin can drive cells into both S phase 
and mitosis (Schwab and Nasmyth, 1993; Fisher and 
Nurse, 1996). 
How relevant are the studies presented here to cell cycle 
regulation in other eukaryotes? There is no doubt that CDK 
inhibitors play important roles in cell cycle regulation. 
Those described so far in other eukaryotes have been 
concerned mostly with Gl and S phase, particularly in 
regulating Gl progression and in checkpoint controls re- 
sponding to DNA damage (Sherr and Roberts, 1995). An 
example is ~40”” in budding yeast (Mendenhall, 1993; 
Nugroho and Mendenhall, 1994; Donovan et al., 1994; 
Schwab et al., 1994), which, like ~25”‘~‘, also appears 
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during Gl. ~40”~’ inhibits p34cDcz8/CLB kinases required 
for the onset of S phase and influences Gl progression 
(Schwobet al., 1994). However, S/Cl has only very limited 
sequence similarity of around 17% withrum7+, In addition, 
unlike ~25”‘~‘, there is no clearly defined role for ~40~‘~~ 
in restraining mitosis during early Gl However, it will cer- 
tainly be important for the ~34~~ mitotic kinase to be re- 
strained during Gl , and so an equivalent inhibitorto p25’um’ 
may play a similar role in some eukaryotes. 
A further conclusion from our work is the emphasis on 
the ~34~~~~ mitotic kinase in inhibiting reinitiation of DNA 
replication during G2. There are suggestions that a similar 
mechanism may be important in other eukaryotes (Su et 
al., 1995; Saueret al., 1995). In Xenopus it has been shown 
that ~34~“” mitotic kinase prevents formation of preinitia- 
tion complexes that are required for DNA replication (Ada- 
chi and Laemmli, 1994). Thus, it is likely that precise regu- 
lation of the ~34~~“’ mitotic kinase during the cell cycle is 
required more generally in eukaryotes, not only to control 
the onset of mitosis but also to prevent the inappropriate 
reinitiation of S phase. 
Experimentai Procedures 
Fission Yeast Strains and Methods 
Thefollowingstrainswereused: 972h-; rum7Ac:ufa4+ura4-D78cdc70- 
729 h-; cdclO-V50 h-, cdc20MiO h-; cdc25-22 h-; rumlA:tura4’ura4- 
D18 leaf-32 ade6-704 pREP5xrum7HA’ integrant h-; rumlHA+ ura4- 
018 cdclO-129 h-; ad&704 leul-32 ura4-D18 pREPGx-ruml’ 
integrant hi; miklAxra4’ wee730 leul-32 ura4-D78 ade6-704 h-; 
miklA::ura4+ weel-50 /eu7-32 ura4-D78 ade6-704 pREPGx-ruml+ in- 
tegrant h-. 
All experiments in liquid culture werecarried out in minimal medium, 
starting with a cell density of 2 x lo6 cells per milliliter. To induce 
expression from the nmt promoter, we grew cells in minimal medium 
containing 5 uglml thiamine to midexponential phase, then spun them 
down, and washed them three times with minimal medium and resus- 
pended in fresh medium lacking thiamine at a density calculated to 
produce 4 x lo6 cells per milliliter after 14-16 hr of induction. 
HA Tagging of rumI+ 
A restriction site for Notl was introduced after the ATG initiator codon 
of the ruml’ ORF and was used to insert a fragment corresponding 
to three copies of the HA epitope tag. A 4.3 kb Aval-Kpnl genomic 
fragment encoding rumlHA+ was transformed into an h- cdc70-729 
rumlA::ura4+ ura4D78 strain, and 5-fluoro-erotic acid was used to se- 
lect ura- colonies (Boeke et al., 1984). Southern blotting of DNA isolated 
from such colonies confirmed that the fumlA:tura4+ locus had been 
replaced with rumlHA+ by homologous recombination. rum7HA+ can 
rescue all the phenotypes observed in rumlA::ura4’, and the overex- 
pression of rumlHA+ induces overreplication as the wild-type ruml+ 
Purification of p2SYm’ from E. coli 
A 0.7 kb DNA fragment containing the ORF of ruml’ was subcloned 
into the pRKl71 vector and introduced into the E. coli strain BDL21 (DE) 
pLysS. Two liters of 2 x YT with 50 uglml ampicilin and chlorampheni- 
col at 30 kg/ml were inoculated with 40 ml of overnight culture and 
grown at 37°C for 90 min until the Aso0 was 0.4-0.6. The expression 
was induced by adding IPTG to a final concentration of 0.4 mM. The 
cultures were grown for an additional 4 hr, and the cells were harvested 
by centrifugation. The pellet was frozen at -70°C for 1 hr and then 
thawed and rasuspended in 40 ml of lysis buffer (25 mM HEPES [pH 
7.51, 50 mM NaCI, 1 mM EDTA, 0.3% Triton X-100, 15 mM MgCl*, 20 
pglml DNase, 20 Kg/ml RNase, 1 mM DTT, 50 fig/ml aprotinin, 50 ug/ 
ml leupeptin, 1 mM PMSF). After being resuspended, the cells were 
frozen again for 20 min and rethawed and incubated on ice for 30 min 
to complete the lysis. The lysate was centrifugated for 15 min at 10,000 
x g, and the supernatant was loaded onto a Q-Sepharose (Pharmacia) 
column equilibrated with buffer A (25 mM HEPES [pH 7.51, 50 mM 
NaCl, 1 mM EDTA). The flowthrough was kept and loaded into a 
S-Sepharose (Pharmacia) equilibrated with buffer A. The column was 
washed with 25 mM HEPES (pH 7.5), 160 mM NaCI. The fraction 
containing ~25’““’ was eluted from the column with 250 mM NaCI. The 
fraction (25 ml) was concentrated to 2 ml and loaded onto a gel filtration 
column Sepharose 12 HR16/50. The fractions containing p25’““’ were 
concentrated and loaded again onto a Sepharose 12 HR16/50 column. 
The peak fractions of this column contained only p2sum1 as assayed 
by SDS-PAGE and staining with Coomassie blue. p25”“’ migrated 
with an apparent molecular mass of 32 kDa. Purifed bacterially pro- 
duced p25’!‘“” (2 mg) was used to raise polyclonal antibodies in rabbits. 
Protein Preparation 
Total boiled protein extracts were prepared from 2 x 1 O* cells collected 
by filtration, washed in STOP buffer (150 mM NaCI, 50 mM NaF, 10 
mM EDTA, 1 mM NaN3 [pH 8.01) and resuspended in 25 ul of RIPA 
buffer. Cells were boiled for 5 min and broken using glass beads. After 
the cell breakage, the crude extracts were recovered by washing the 
glass beads with 500 ul of RIPA. The protein concentration of the 
samples was determined by the BCA assay kit (Pierce) after boiling 
3 ul of crude extracts in 3 ul of 2 x sample buffer (60 mM HCI-Tris 
[pH 6.81, 20% glycerol, 4% SDS) for 4 min. Soluble protein extracts 
were prepared as described by Moreno et al. (1991). 
Western Blots and Immunoprecipitations 
Protein extracts and immunoprecipitates were electrophoresed using 
a 10% SDS-polyacrylamide gel (Laemmli, 1970). For Western blots, 
50 ug of total protein extracts from each sample was blotted to nitrocel- 
lulose, and proteins were detected using ECL (Amersham). Dilutions 
of the antibodies were 1:500 for the ~25’“” affinity-purified polyclonal 
antibodies, 1:500 for the 12CA5 MAb, 1: 1000 for SP4 (anti-p56cdc73) 
(Moreno et al., 1989), and I:1000 for C2 (anti-p34cdcz) (Simanis and 
Nurse, 1986). ~25’“~‘- HA was immunoprecipitated from 4 mg of soluble 
protein extracts with 20 frl of 12CA5 MAbs coupled to AffiGel beads 
(Bio-Rad) (4.3 mglml). The beads were incubated for 15 min at 4OC, 
washed three times with 1 ml of HB buffer, and resuspended in HB 
buffer with equal volume of 2 x SDS sample buffer. As a control in 
the immunoprecipitations, the extracts were incubated with 20 pg of 
HA peptide before adding the 12CA5 beads. 
Kinase Assays 
For kinase assays, extracts from 3 x 10’ cells were made using HB 
buffer (Moreno et al., 1991). The different cyclin-associated cdc2 ki- 
nase activities were immunoprecipitated from 400 ug of soluble ex- 
tracts using 2 ~1 of SP4 anti-p56cdc’3 polyclonal antibody (Moreno et 
al., 1989), 5 ul of 12CA5 anti-HA MAb beads (4.3 mglml), 2.5 ul of 
polyclonal anti-cigl antibody (Basi and Draetta, 1995) and 2 ul of 
affinity-purified C2 anti-p34c”2 antibody (Simanis and Nurse, 1986). 
Histone Hl (Calbiochem) and a nonomer peptide that is specific for 
cdc2 kinase (Biotrak, Amersham) were used as substrates. For histone 
Hi kinase activity, immunoprecipitates were resuspended in 20 PI of 
HB buffer containing 200 uM ATP, 1 mglml histone Hi (Calbiochem), 
and 40 &i/ml [YJ~P]ATP and were incubated at 30°C for 20 min. 
The reactions were stopped with 20 ul of 2 x SDS sample buffer and 
denatured at 100°C for 5 min, and samples were run on a 12% SDS- 
polyacrylamide gel. Phosphorylated histone Hl was detected by auto- 
radiography and quantitated using a Phosphorlmager. For peptide 
kinase activity, the intructions from the manufacturer were followed, 
and the phosphorylated peptide was quantitated using a scintillation 
counter. 
p25”m’ Inhibition Asssays 
lmmunoprecipitates from 400 ug of soluble extracts were resuspended 
in 10 ~1 of HB buffer and mixed with equal volume of different concen- 
trations of ~25’““’ at 4OC and assayed for kinase activity adding either 
10 ul of HB buffer containing 200 PM ATP, 1 mglml histone Hl (Calbio- 
them), and 40 &i/ml (y-32P]ATP or 10 ul of 0.6 mM peptide (Biotrak, 
Amersham), 150 mM Tris (pH 8.0), 3 mM DTT, 3 mM EGTA, 300 I.LM 
sodium orthovanadate. After adding the substrates, we incubated the 
reactions at 30°C for 20 min and stopped them with 30 ui of 2 x SDS 
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sample buffer in Hl histone kinase assays and 10 pl of stop reagent 
in peptide kinase assays. 
~34~‘~ Quantitation in Cyclin lmmunopracipitates from 
Schizosaccharomyces pombe Extracts 
To quantitate the amount of ~34~” present in the inhibition assays, we 
immunoprecipitated the different cyclin-cdc2 complexes from soluble 
extracts ranging in concentration from 0.2 mg to 3.2 mg using the 
anti-cyclin antibodies described above. The immunoprecipitates were 
run on a 10% SDS-polyacrylamide gel in parallel with standard 
amount of GST-cdc2 (0.5-20 ng) and transferred to nitrocellulose. 
The blots were incubated with C2 antibodies (1:lOOO) overnight, and 
the proteins were detected using ECL (Amersham). 
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